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The faceting process on Pt~110! is studied with the help of a kinetic Monte Carlo model taking into
account realistic Pt–Pt, Pt–CO, and Pt–O interactions. The activation energies of the allowed
atomic steps are estimated using available computational and experimental data. The model well
reproduces the region in the parameter space where faceting occurs. Under kinetic instability
conditions, the simulated faceted pattern forms a periodic hill and valley structure with a lateral
periodicity of ;140–170 Å, which is comparable with experimental data. The simulations
reproduce the development of faceting on a realistic time scale. ©2004 American Institute of
Physics. @DOI: 10.1063/1.1808417#

I. INTRODUCTION

Morphological changes of metal catalysts under opera-
tion conditions are common phenomenon in industrial ca-
talysis. Well-known examples are the roughening of Pt/Rh
gauzes in catalytic ammonia oxidation, the faceting of Ag
catalysts in methanol oxidation, and also catalytic carbon
monoxide oxidation on noble metal catalysts show pro-
nounced effects~;1 atm!.1–3 In general, very little is known
about the mechanism of these reaction-induced substrate
changes under high pressure conditions but single crystal
studies of CO oxidation on Pt revealed that reaction-induced
substrate changes are also occurring under low pressure
conditions.4–10 These studies provided a rather detailed pic-
ture of how the substrate changes on a Pt~110! surface are
linked to a kinetic instability of the reaction. Here we attempt
to conduct a realistic three-dimensional~3D! modeling of the
reaction-induced roughening/faceting of Pt~110! incorporat-
ing details of the adsorption process as well as an atomistic
picture of the surface phase transition~SPT! 132
131 of
Pt~110!.

The clean Pt~110! surface exhibits a 132 ‘‘missing row’’
reconstruction which is lifted upon adsorption of CO forcing
the surface Pt atoms back into the bulklike 131
termination.11–13 The origin of faceting was shown to be
linked to kinetic instabilities, e.g., kinetic oscillations. These
are caused by the surface phase transition which modulates
the catalytic activity of the surface. It was found that the
Pt~110! surface undergoes faceting during catalytic CO oxi-
dation if reaction conditions are adjusted such that the CO
induced 132
131 SPT accompanies the reaction.4–10 The
mass transport of 50% of the surface atoms that is associated
with the transition between the 131 and 132 missing row
reconstruction causes a surface roughening which may de-
velop into faceting under appropriate conditions. The oscil-

lations and the faceting occur in a temperature range
T;400– 530 K and pressure rangep;1025– 1024 mbar.

Changes in the catalyst morphology are often associated
with the activation or deactivation process. This is a common
phenomenon in heterogeneous catalysis1–3 which is also ob-
served with CO oxidation on Pt~110!. Instead of oscillatory
changes obtained on a flat surface, a Pt~110! surface under-
going faceting shows a continuous rise of the CO2 produc-
tion rate. The increase of the CO2 production rate can be
attributed to higher oxygen sticking coefficients on~100!
steps forming the~430!, ~320!, and ~210! facets of hill-
structure slopes. These orientations which all belong to the
@001# zone can all be built up by~100! step and~110! terrace
units. By increasing the density of~100! steps the inclination
angle of the facets grows continuously until the limiting case
of Pt~210! is reached where~100! step and~110! terrace units
alternate. This surface exhibiting the highest density of steps
also displays the highest catalytic activity.

Earlier high-resolution low-energy electron diffraction
~LEED! experiments8 demonstrated that the facets on
Pt~110! have a symmetric sawtooth shape forming a regular
structure with a lateral periodicity of;200 Å in the@11̄0#
direction. Real space images of a Pt~210! surface which has
undergone faceting during catalytic CO oxidation have been
recorded using scanning tunneling microscopy~STM!.14 In
contrast to Pt~110!, the faceting of Pt~210! is associated with
a decrease of the CO2 production rate because the~100! step
density is lowered by faceting.

Recent experimental studies of roughening and faceting
in the CO1O2 /Pt(110) system have been performed by Han
Wei et al.15 Here we shall reiterate briefly only the main
experimental observations to be compared with our simula-
tions. Faceting is observed only under specific reaction con-
ditions illustrated with the help of Fig. 1~a!.9 The diagram
shows the reaction rater CO2

versuspCO with pO2
andT being
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kept constant. The solid line in Fig. 1~a! represents the rate
curve for an unfaceted Pt~110! surface. At low CO pressures,
r CO2

rises linearly withpCO, since the O covered 132 sur-
face is highly reactive. With increasingpCO, the reaction rate
finally drops to the low rate branch where the CO covered
131 surface inhibits O2 adsorption and hence the surface
reaction. Under conditions when faceting occurs, the rate
does not remain stationary, but rises continuously often su-
perimposed with transient kinetic oscillations. The rate be-
comes stationary again asr CO2

reaches the high-rate branch,
as indicated by the arrow in Fig. 1~a!. The increase of the
rate in time reflects the faceting of the surface which occurs
within typically 10–30 min at 1024 mbar. For a faceted sur-
face, the position of the rate maximum in ther CO2

, pCO plot
shifts towards higherpCO compared to the originally flat sur-
face, as shown by the dashed line in Fig. 1~a!. It has been
demonstrated by LEED and STM that faceting and roughen-
ing leads primarily to structural changes on a microscopic
scale involving the range from a few to several hundred ang-
stroms. In particular, it was shown that the facets are ar-

ranged in a regular hill and valley structure forming a saw-
toothlike pattern with a lateral periodicity 150–200 Å in the
@11̄0# direction. Subsequent low-energy electron microscopy
~LEEM! studies revealed that in addition to the microscopic
structural changes also the surface topography is modified on
a length scale of 0.1 to several micrometer. These macro-
scopic surface changes demonstrated in Figs. 1~b!–1~c! ap-
parently result from the mass transport of Pt atoms. LEEM
images of a roughened and faceted surface are shown in
Figs. 1~b!–1~c!.15

The driving force for the faceting of Pt~110! differs in its
nature from a simple adsorbate-induced restructuring of the
surface. Faceting is caused by the ongoing surface reaction
and is not due to thermodynamical stabilization. This was
demonstrated in a Monte Carlo simulation.10 The model in-
cluded probabilities for O2 adsorption, CO adsorption, diffu-
sion and desorption, chemical reaction, and SPT which were
determined in a phenomenological way. The enhancement of
O2 adsorption at step sites was taken into account. The simu-
lation reproduced the development of a regular facet struc-
ture with realistic time and length scales. However, this
simulation was not based on a detailed atomistic description
of the movement of individual Pt atoms.

To provide additional evidence that the formation of ex-
tended~100! steps on a clean Pt~110! surface is thermody-
namically unfavorable, we refer to earlier experimental
studies16 detecting the ‘‘fish scale’’ pattern which exhibits a
periodic island structure with extended~111! facets. The is-
land edges are formed by single~100! steps. The periodicity
of this pattern is about 1500 Å in the@001# direction and the
extension of the islands in the@11̄0# direction exceeds
10000 Å. The available data17,18 suggest that 13n super-
structures, which can form in this case, are more stable than
a flat 132 surface. The geometries exposing more extensive
~111! facets are favored because the~111! structure is char-
acterized by lower surface energy.

This communication presents a 3D kinetic Monte Carlo
~KMC! model of the CO1O2 /Pt(110) reaction. We start in
Secs. II and III with a brief review of recently published data
on CO and O2 adsorption on different Pt surfaces. A hybrid
model to be described in Sec. IV combines the KMC algo-
rithm for SPT with a mean-field approximation for CO and
O2 adsorption on the surface. In the last sections we apply
the developed model to simulate the faceting processes under
various reaction conditions and compare the results with ex-
perimental measurements.

II. CO ADSORPTION ON Pt „110…

Density functional theory~DFT! calculations and experi-
mental studies of CO adsorption under low-pressure
conditions12,13 have revealed a strong selectivity of CO ad-
sorption with respect to different Pt surface configurations.
The Pt atoms on the~110! surface are characterized by dif-
ferent coordination numbersn varying from 5 to 11. The
values of Pt–CO binding energyEPt–CO(n) at different Pt
atoms vary and this dependence can be approximated by a
simple linear form12 shown in Fig. 2. The average value of
EPt–CO(n) is close to macroscopic data for CO desorption:
Edes

CO521.4 eV ~Ref. 19! andEdes
CO521.651 eV.20

FIG. 1. Reaction-induced roughening/faceting in experiment.~a! Experi-
mental conditions for different regimes of catalytic CO oxidation on Pt~110!
~Ref. 9!. The different regions indicated on top of the rate curve refer to an
unfaceted Pt~110! surface.~b,c! LEEM images showing surface topographi-
cal changes due to reaction-induced roughening. Field of view is 2.4mm,
T5427 K, pCO in the 1025 mbar range. Initial surface~shortly after start of
reaction! is shown in~b!. Strongly roughened/faceted surface after exposure
to the reaction for'30 min is shown in~c!. The same area as in~b! is
displayed. Note that the visual impression of a hill and valley structure in
the LEEM images is misleading. Bright areas indicating a high reflectivity
for electrons indicate less roughened surface regions; dark areas showing a
reduced reflectivity represent more strongly roughened surface area~from
Ref. 15!.
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At low pressure and T.300 K, CO molecules diffuse
very rapidly on the Pt~110! surface.19 To justify this state-
ment we consider CO diffusion between nearest neighboring
~NN! atoms on a Pt~110! surface. Since the CO molecule van
der Waals diameter~3.2 Å! is larger than the Pt lattice con-
stant ~2.78 Å in the@11̄0# direction!, one can assume that
CO adsorption on Pt atoms withn.9 is hardly possible.
Also, since the number of five-coordinated atoms on the sur-
face is extremely low~these configurations are unstable!, we
can assume that the highest difference in coordination be-
tween NN atoms withn<9 ~i.e., on which Pt–CO binding
can take place! will not exceed 3. According to the linear
dependence shown in Fig. 2, this difference corresponds to
DEPt–CO'0.8 eV. Basically, the top layer of a 131 Pt~110!
surface consists of seven-coordinated atoms; atoms under-
neath the top layer haven511. The 132 reconstruction
opens nine-coordinated atoms of~111! microfacets. In this
case,DEPt–CO is ;0.54 eV, which is lower than activation
energies for diffusion of surface Pt atoms varied within the
range of 0.8–1 eV.21–27 Note that the experimentally deter-
mined activation energies for surface diffusion of CO on Pt
vary between 0.17 and 0.56 eV, with an average value being
around 0.30 eV.28,29

III. OXYGEN ADSORPTION ON Pt „110…

Oxygen adsorption on clean Pt surfaces has been a sub-
ject of many experimental and theoretical investigations in
recent years. Nanoscopic aspects, such as oxygen adsorption
on Pt microfacets, diffusion of single oxygen atoms in the
presence of coadsorbed CO and the influence of the adsor-
bate on diffusing Pt atoms have not been explored in detail

although precisely these aspects might explain the develop-
ment of roughening and faceting in the CO1O2 /Pt(110)
system.

Single crystal studies30–35 provide reliable data on oxy-
gen sticking coefficients and adsorption rates on different Pt
surfaces. Table I shows selected values of the oxygen stick-
ing coefficients on different Pt surfaces.

Recent STM experiments and theoretical calculations
demonstrated that oxygen dissociates on the Pt surface, and
that the preferred sites for atomic oxygen adsorption have
typically high coordination numbers. On Pt~111! oxygen oc-
cupies the threefold adsorption site, on Pt~100!-~131! the
bridge site.36 On a Pt~110! surface, an oxygen atom can oc-
cupy either fcc, hcp, or bridge position, as shown in Fig.
3~a!.37 Selected values of oxygen chemisorption energy on
different Pt surfaces are summarized in Table II, whereEPt–O

values are calculated per one O atom. The theoretical calcu-
lations differ in their quantitative results for Pt~110!. Accord-
ing to Ref. 37, the lowest energy adsorption site on Pt~110! is
found to be the fcc site. The oxygen binding energy on the
fcc site depends on the oxygen coverage and can vary from
23.91 eV for low coverages to23.8 eV for the maximum
coverage of the surface. At the same time, the saddle-point
bridge site with an adsorption energy23.87 eV is slightly
preferred over the hcp sites with23.7 eV. Saturation of the
132 surface@1 ML ~monolayer! with respect to the unrecon-
structed 131 surface# is achieved when each top atom of the
Pt~110! rows has four oxygen atoms adsorbed on adjacent

FIG. 2. Dependence of CO chemisorption energy on the coordination num-
ber of Pt atoms. The inclined line~1! is a linear fit to the data in Ref. 12; the
horizontal lines~2! and~3! show the average macroscopic values ofEPt–CO

used in Refs. 19 and 20, respectively.

FIG. 3. ~a! Ball models of different atomic configurations on Pt~110! and
oxygen adsorption sites. Possible oxygen adsorption sites are indicated by
small black circles.~b! ~110! terraces,~100! steps, and~111! microfacets on
a rough Pt~110! surface. O atoms adsorbed at fcc, hcp, and~100! step sites
are shown by small black circles.

TABLE I. Oxygen sticking coefficientssO2
on different Pt surfaces.

Surface sO2
References

Pt~100! hex 1024– 1023 30, 31
Pt~100! 131 0.2–0.5 30, 31

Pt~110!2132 0.3 32
Pt~110!2131 0.4–0.6 32

Pt~111! 0.06 ~300 K!,
0.025~600 K!

33

TABLE II. Calculated oxygen binding energies on different Pt surfaces.

Surface 2EPt–O~eV) References O site Method

Pt~100! 4.587/3.155 36 fourfold hollow LDAa/GGAb

5.129/3.809 36 Bridge LDA/GGA

Pt~110! 3.91/2.81 37, 38 fcc DFT
3.7/3.0 37, 38 hcp DFT
3.87/4.0 37, 38 Bridge DFT

Pt~111! 4.9–5.87 39 Step sites LDA

aLocal-density approximation.
bGeneralized gradient approximation.
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fcc sites, as shown in Fig. 3~b!. In contrast, the results of
DFT calculations presented in Ref. 38 show an opposing
tendency: the bridge sites are preferred to the hcp and fcc
sites by 1 eV and more, as shown in Table II.

Following the rule of high-coordination preference for
atomic adsorbates, one should expect that at~100! steps the
preferred oxygen adsorption site should be the fourfold hol-
low position. Nevertheless, the calculated binding energies
of oxygen on Pt~100! presented in Ref. 36 show that the
most favorable adsorption site is the bridge site, whereas the
fourfold hollow site is characterized by a slightly smaller
adsorption energy.

In the case of catalytic CO oxidation on Pt~110! the re-
action never formed extended Pt~100! areas but only~100!
steps or~100! microfacets with a size below the detection
limit of LEED. For these step sites it has been assumed that
atomic oxygen adsorbs preferably at the fourfold hollow
sites.

Studies of oxygen adsorption on the close-packed
Pt~111! surface revealed oxygen saturation at about 0.25 ML
at low oxygen partial pressures (pO2

,131024 mbar!.39

STM observations39 show that O atoms prefer step sites to
~110! terraces on Pt~111! islands. It has also been found that
O–O repulsion on the Pt~111! surface is stronger than that on
Pt~110! since a close-packed hexagonal configuration of the
Pt~111! surface provides smaller distances between neighbor-
ing threefold sites. The Pt–O chemisorption energy on
Pt~111! reaches;25.0 eV ~see Table II!. As in the case for
~100! microfacets, oscillations, and kinetic instabilities in the
CO1O2 /Pt(110) system never caused formation of large
~111! areas.

IV. HYBRID MODEL

A. Concept of the simulation

In order to make a complex problem such as the restruc-
turing of a surface under catalytic conditions tractable, the
system has to be simplified as far as possible. The first step
consists of separating the processes in the adsorbate layer
from the substrate changes. Instead of keeping track of indi-
vidual CO molecules and individual oxygen atoms we treat
the adsorbates as mean-field variables averaging over the
whole surface area or part of it. For the surface reaction we
therefore use ordinary differential equations~ODEs! based
on the Langmuir-Hinshelwood scheme of catalytic CO oxi-
dation. In contrast, for the substrate part we employ a kinetic
Monte Carlo scheme to mimic the motion of individual sur-
face Pt atoms. The two parts are coupled together, first, be-
cause the adsorbate coverages influence the surface diffusion
of the Pt atoms stabilizing or destabilizing certain structural
elements. Second, the restructuring of the surface will
change the reactivity of the surface which enters the mean-
field equations through a change of the appropriate constants.
On Pt surfaces oxygen adsorption is known to be highly
structure sensitive whereas CO adsorption is rather insensi-
tive to structural modifications.

As discussed in Sec. II, equilibrium CO distribution is
achieved rapidly due to high diffusivity of CO molecules
between NN surface atoms. The equilibrium distribution can

be approximated by a system of ODEs describing CO cov-
erages on different surface configurations. This approach was
proposed in our recent publication40 and compared with the
simplified model replacing the linear dependence of
EPt–CO(n) by a constant average value of the CO chemisorp-
tion energy. In the present study, we also use a single equa-
tion for CO. We make such a simplification because this
model is based on reliable macroscopic data19 and repro-
duces dynamics of the SPT on a realistic time scale. More-
over, the faceting and also rate oscillations take place under
conditions where oxygen adsorption is rate limiting. The
oxygen sticking coefficient is the most important quantity
controlling the catalytic activity of the surface. This quantity
varies as the surface undergoes restructuring.

One particular important structural change is the
132
131 transition which has been shown to be respon-
sible for the kinetic instabilities trough the different oxygen
sticking coefficients that are associated with the two surface
phases.41 The SPT is also the main source for reaction-
induced roughening/faceting because it is associated with the
mass transport of 50% of the surface Pt atoms. Clearly the
modeling of the SPT of Pt~110! is the essential part of the
whole simulation. The modeling of the SPT transition of
Pt~110! with the present model has already been demon-
strated in the preceding paper.40

Since we do not restrict the motion of surface Pt atoms,
in principle all possible crystallographic orientations can de-
velop from our starting point of a flat Pt~110! surface. In
practice, the low-index planes will be dominant because their
higher thermodynamic stability is incorporated via corre-
sponding jump probabilities in the simulation. Neglecting
atomic-scale roughness we divide the model surface into
only three types of microfacets,~100!, ~110!, and~111! with
the ~110! microfacets being further subdivided into nonre-
constructed~131! and ~132! reconstructed area. The hex
reconstruction of~100! facets is not taken into account be-
cause this reconstruction requires extended~100! facets
whereas in the experiment we only observe~100! steps
which presumable are single height steps.

At a temperature of 500 K, an adsorbed CO molecule is
estimated to make about 33109 hops per second, an oxygen
atom about 16 hops per second assuming a frequency factor
of 1013s21 and activation energies for adsorbate diffusion of
8 kcal/mol ~0.35 eV! and 27 kcal/mol ~1.17 eV!,
respectively.29 Oxygen diffusion due to the higher binding
energy is much slower than CO diffusion. Perfect mixing
will not occur over the model surface area but within a mi-
crofacet which only has the dimensions of a few lattice con-
stants mixing will still occur. The three different types of
microfacets,~100!, ~110!, and~111! will differ in their reac-
tivity and we take this into account by following the oxygen
coverages separately for each type of microfacet.

B. Definition of coverages and adsorption sites

In our model, we do not keep track of single CO mol-
ecules or O atoms, but describe the adsorbates on different
surface areas as mean-field variables, i.e., coverages gov-
erned by Langmuir-Hinshelwood~LH! type equations. The
adsorbate coverageu, or absolute coverage, is given by the
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number of adsorbate atoms/molecules divided by the total
number of substrate atoms of the surface. We, however, do
not include explicitly the number of adparticles because such
a detailed definition of the coverage matches a macroscopic
value of u defined by LH equations. Defining absolute CO
coverageuCO we ‘‘average’’ over the whole surface area. For
the oxygen coverages we distinguish between three different
types of surface orientations:~100!, ~110!, and ~111!. Thus,
for oxygen adsorbed on~110! terraces,~100! and~111! sites
we obtainuO

110, uO
100, anduO

111, respectively. Averaged over
the whole surface area, these variables denote surface frac-
tions of the respective orientations covered by oxygen.

By our definition, the top layer of the~110! surface con-
sists ofNtot52N2 atoms,40,42,43whereN stands for the num-
ber of atoms in the topmost layer. Each of the surface atoms
is marked by an integerL defining the upper occupied level,
as shown in Fig. 4~a!. We consider two atomic layers of
Pt~110! shifted by half a lattice spacing in the@001# and
@11̄0# directions. Different surface atomic configurations are
illustrated by a model in Fig. 4~b!. We define a~110! terrace
site as a top surface atom bonded to the two@11̄0# NN
atoms, i.e., whenL j ,i5L j 22,i5L j 12,i , according to the la-
beling shown in Fig. 4~c!. Similarly, a ~100! step site is de-
fined as a top surface atom which has only one of the two
@11̄0# NN atoms, i.e., whenL j ,i5L j 22,i5L j 12,i12 or L j ,i

5L j 12,i5L j 22,i12. A surface atom with coordination num-
ber n59, which is covered by two NN atoms in the higher
layer, may form a~111! site if the following condition is
fulfilled: L j ,i5L j ,i 21125L j ,i 1122 or L j ,i5L j ,i 2122
5L j ,i 1112. Coordination numbers of the surface atoms are
determined in a similar way: for each coordination, a unique
relation for heights of NN atoms can be written according to
Figs. 4~b! and 4~c!.

To evaluate the surface fraction of sites available for CO
adsorptionxCO ~or maximum CO coverage!, we determine
the number of Pt atoms with coordination number 5<n
<9 (N5 – 9). Then we define

xCO52N5 – 9/Ntot

with xCO50.5 for the 132 surface andxCO51 for the 131
state. Note that at CO saturation (uCO51), the surface has a
close-packed 131 structure andN5 – 95N75N2.

The surface fractions of sites available for oxygen ad-
sorption on~110! terraces,~100! and~111! sites are given as

xO
1105a110N110/Ntot , xO

1005a100N100/Ntot ,

xO
1115a111N111/Ntot ,

where N110, N100, and N111 are the numbers of Pt atoms
forming ~110!, ~100!, and~111! sites, as shown in Fig. 4~b!,
and the coefficientsa110, a100, anda111 denote the numbers
of oxygen adsorption sites per Pt atom on~110! terraces, and
~100! and ~111! surface areas, respectively. We assume that
there are maximum two adjacent fcc~hcp! positions per each
terrace atom~according to Fig. 3!, i.e., a11052. Thus,xO

110

50.5 for the 132 surface andxO
11051 for the 131 state. To

evaluate the number of~100! step sites we take into account
Pt atoms which have only one of the two@11̄0# NN atoms,
i.e., there is only one fourfold hollow position corresponding
to each~100! step atom; therefore we definea10051. We
also assume thata111!1 due to strong O–O repulsive inter-
actions on the~111! surface.

We also define relative coverages as

yCO5uCO/xCO, yO
1105uO

110/xO
110,

yO
1005uO

100/xO
100, yO

1115uO
111/xO

111,

whereyCO stands for the relative coverage of CO averaged
over the surface sites with coordination numbers 5<n<9
and yO

110, yO
100, and yO

111 denote the relative coverages of
oxygen averaged over~110!, ~100!, and ~111! sites, respec-
tively. These coverages vary when the surface undergoes re-
structuring even if the number of adparticles remains the
same. Since nanodomains of different surface orientations
are present on a roughened surface the relative coverages
become in principle local variables.

C. A mean-field equations

Our choice of kinetic equations is motivated in Sec.
IV A. The following set of equations is used in our simula-
tions ~Reichertet al.19!, which were shown to correctly re-
produce the essential experimental data for Pt(110)/CO
1O2:

]uCO

]t
5pCOkCO

ad sCO~12yCO!2kCO
desuCO

2uCO~kr
110uO

1101kr
100uO

1001kr
111uO

111!, ~1!

]uO
110

]t
5pO2

kO2,110

ad sO2

110~12yCO!2~12yO
110!2

2kr
110uCOuO

110, ~2!

FIG. 4. Representation of the Pt~110! surface.~a! The surface relief is char-
acterized by the matrix of heights of top sites~integer numbers,L!. Free top
atoms marked by an asterisk are allowed to move.~b! A model showing
coordination numbers of different atomic configurations and three basic
types of surface atoms.~111! facets, ~110! terraces, and~100! steps are
marked by ‘‘f,’’ ‘‘ t,’’ and ‘‘ s,’’ respectively.~c! A scheme of the surface site
labeling. The index shiftk is introduced in order to distinguish between
positions on the same layer and layers above/below;k5 j 22 Int( j /2)
5$0,for evenj ;1,for oddj %. All possible atomic jumps are shown. For a
given atom$ j ,i %, 16 new possible positions are determined by combination
of indices.
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]uO
100

]t
5pO2

kO2,100

ad sO2

100~12yCO!2~12yO
100!2

2kr
100uCOuO

100, ~3!

]uO
111

]t
5pO2

kO2,111

ad sO2

111~12yCO!2~12yO
111!2

2kr
111uCOuO

111. ~4!

The variables used in Eqs.~1!–~4! are described in Sec. IV B
and kinetic parameters are introduced in Sec. IV D. It should
be noted that the equations for the adsorbates are coupled to
the substrate lattice via the corresponding fractions of the
adsorption sites which vary depending on the degree of
roughening/faceting of the substrate. Integration of Eqs.~1!–
~4! has been carried out by a Runge-Kutta scheme after each
Monte Carlo step~see Sec. IV E and the Appendix for details
on Monte Carlo procedure!.

Because CO and oxygen adsorption sites are not identi-
cal, the inhibition of oxygen and CO adsorption by adsor-
bates is not symmetrical. CO molecules adsorb atop of Pt
atoms, whereas atomic oxygen occupies fcc/hcp/~100! posi-
tions, CO adsorption may therefore take place even on an
fully oxygen covered surface. Accordingly the CO adsorp-
tion rate in Eq.~1! is only proportional to (12yCO). The
dissociative adsorption of an oxygen molecule takes place if
~i! two neighboring bridge sites are not occupied by CO
molecules and~ii ! two adjacent fcc/hcp/~100! sites are free of
O. Thus, the oxygen adsorption rates in Eqs.~2!–~4! are
proportional to (12yCO)2(12yO)2.

We assume that~110! terrace sites can be transformed by
roughening/faceting into~100! step sites and vice versa. This
change in the substrate, in turn, leads to an increase or de-
crease of the relative coverages on the different microfacet
orientations. In the computation we proceed as follows. If at
some time stepu i exceedsxi due to a sharp decrease ofxi ,
we defineu i5xi on the next time step, wherei 5 ‘ ‘CO’’ or
‘‘O.’’ If the integration time is small, this will not introduce
an essential numerical error in the simulation. We also note
that Eqs.~1!–~4! do not include an adsorbate exchange be-
tween different adsorption sites. Such an assumption allow-
ing the equilibrium distribution of the adsorbates during a
one Monte Carlo step should not affect accuracy of the simu-
lation.

D. Choice of kinetic constants

We define the oxygen sticking coefficientssO2

110, sO2

100,

andsO2

111 in the following form ~in accordance with Table I!:

sO2

11050.6x1105H 0.3 on 132

0.6 on 131,
~5!

sO2

10051.0x100, ~6!

sO2

11150.05x111. ~7!

It should be noted, however, that experimentally measured
sticking coefficients are in generally only available for mac-
roscopic crystal planes but not for isolated single step sites.

Moreover, asO2
value determined for a perfect single crys-

talline Pt surface may not be equal to that of a microfacet of
the same surface orientation due to size effects.

The experimental data suggest clearly that the oxygen
sticking coefficient on~100! steps is higher thansO2

110 and

sO2

111.4–10For the sake of simplicity, we assume that the stick-

ing probability of O2 on ~100! steps equals to 1. Apparently
the behavior of~100! steps is quite different from that of an
extended~100! facet. For the latter, depending on whether
the facet is in a 131 configuration or hex reconstructed, the
sticking coefficient is lower than on Pt~110!.

The kinetic parameters used in our model are listed in
Table III. For simplicity, we assume that the oxygen im-
pingement rate constantkO2

ad is constant irrespective of the

degree of roughening/faceting. The surface reaction con-
stants on terraces,~100! and ~111! sites are also assumed to
be equal to the average valuekr estimated for Pt~110!.19

Since the simulations show that the oxygen coverage of
~111! microfacets is insignificant compared to that of~110!
terraces and~100! microfacets, we can drop Eq.~4!.

E. Kinetic Monte Carlo model

In the substrate part we employ kinetic MC to simulate
the movement of Pt atoms on a catalytically active surface.
Pt atoms can change their position due to activated thermal
movement but the jump probability depends on the relative
adsorbate coverage. The adsorbates changes the binding en-
ergy of the Pt atom to which an adsorbate atom/molecule is
bonded as well as the activation barrier for the movement of
the Pt atom. Since the higher CO adsorption energy of CO on
the 131 phase is the driving force for the CO-induced lifting
of the 132 reconstruction, the 132
131 phase transition is
incorporated in the model via the corresponding jump prob-
abilities of Pt atoms.

Assuming that the population of adsorption sites occurs
according to thermodynamical equilibrium we can calculate
occupation probabilities for individual adsorption sites based
on a Boltzmann distribution.

KMC computations involve single jumps of Pt atoms to
vacant neighboring positions. Only five kinds of paths will
be allowed: parallel and perpendicular to the@11̄0# direction
~called, respectively, ‘‘vertical’’ and ‘‘horizontal’’!, diagonal
and hopping up or down via the leapfrog~LF!
mechanism.21–27 We do not consider explicitly long jumps

TABLE III. Kinetic parameters used in the model~from Ref. 19!.

Sticking coefficients

CO adsorption: sCO 1
O2 adsorption: sO2

110, sO2

100, sO2

111 Eqs.~5!–~7!

Arrhenius rates n exp(2E/RT)

CO desorption: kdes
CO ndes5531013 s21,

Edes532.3 kcal/mol
~or 1.4 eV!

CO1O reaction: kr n r553105 s21,
Er58.1 kcal/mol

11337J. Chem. Phys., Vol. 121, No. 22, 8 December 2004 Faceting of Pt(110) under reaction conditions

Downloaded 09 Mar 2005 to 152.14.14.135. Redistribution subject to AIP license or copyright, see http://jcp.aip.org/jcp/copyright.jsp



and diffusion of atomic clusters, which, however, can be ef-
fected through combination of the allowed elementary steps.
The diagonal jump can be introduced instead of a displace-
ment via an exchange mechanism.27 We assume the energy
of a Pt surface atom to be dependent on the Pt occupancy of
the four adjacent sites in the same layer and to be modified
by CO and oxygen adsorption. The modification of the sur-
face energy by CO and atomic oxygen is shown schemati-
cally in Fig. 5. On completely CO covered 132 patches of
the surface, the modified energy of a Pt atom can be ex-
pressed in the following form@in accordance with Fig. 5~c!#,

E5E01EPt–CO~n!14ENN
Pt–CO1ECO–CO, ~8!

where the energy of a Pt atom on a clean surface is deter-
mined asE05nvEv1nhEh with nv , nh denoting the num-
bers of Pt-occupied vertical@11̄0# and horizontal@001# po-
sitions in the same layer andEv , Eh denoting the Pt–Pt
binding energies between the adjacent atoms;ENN

Pt–CO is the
repulsive interaction energy between the central Pt atom~0!
and CO molecules adsorbed on the NN positions in the layer
below ~1–4!; ECO–CO is the repulsive interaction energy be-
tween CO molecules attached to the Pt atom~0! and its ad-
jacent sites~5,6!. It should be noted, however, that the CO
covered 132 state according to Eq.~8! and Fig. 5~c! is un-
stable due to strong repulsive interactions between the cen-
tral Pt atom~0! and CO molecules attached to the~1–4! sites
(ENN

Pt–CO.0).
The energy of a top Pt atom on the O covered surface

can be defined according to Fig. 5~e! as follows:

E5E01H 4
3 E110

Pt–O on terraces

2
3 E110

Pt–O1 1
4 E100

Pt–O on ~100! steps,
~9!

whereE110
Pt–OandE100

Pt–Oare average O chemisorption energies
at threefold terrace sites~fcc! and fourfold~100! step posi-
tions, respectively. We neglect O2 adsorption on~111! micro-
facets of the surface.

The adsorbate modification of activation barriers for Pt
atom jumps can be taken into account in a similar way: CO
molecules adsorbed on the sites which are adjacent to the
path of the migrating Pt atom increase the energy of transi-
tion state, as shown schematically in Fig. 6~a!. Since the CO
molecule van der Waals diameter is larger than the Pt lattice
constant, diffusing Pt atoms cannot avoid interactions with
CO molecules. As illustrated in Fig. 6~b!, the displacements
along or across@11̄0# direction may be inhibited by two CO
molecules adsorbed on the two NN sites on the layer below
~marked by I and II in the figure!. The LF hopping can be
inhibited by the CO adsorption on the three adjacent sites
~I,II,III ! as shown in Fig. 6~c!, whereas the atom hopping in
the diagonal way may interact with only one CO molecule
@see Fig. 6~d!#. Thus, we define the increase of activation
barrierEi

a of the vertical, horizontal, diagonal, and LF jumps
on the CO covered surface, according to Figs. 6~b!–6~d!, as

Ei
a5H Evert/horiz

0 12ePt–CO

Ediag
0 1ePt–CO

ELF
0 13ePt–CO,

~10!

whereEvert/horiz
0 , Ediag

0 , andELF
0 are the transition state ener-

gies of Pt atom on a clean Pt~110! surface andePt–CO is the
correction modeling repulsive interaction between the Pt
atom and CO molecules adsorbed on the adjacent sites.

We also assume that atomic oxygen will stabilize the
~100! steps by increasing the activation barriers for the ver-
tical and diagonal jumps and the LF hopping down of the
step atoms, as shown in Fig. 6~e!. The transition state energy
on the oxygen covered surface can be defined as

Ei
a5Ei

01e i
Pt–O, ~11!

where the indexi stands for the vertical and diagonal dis-
placements and LF hopping down, ande i

Pt–Ois the correction
modeling the increase of transition state energy due to an
oxygen atom attached to the fourfold~100! step position. The
oxygen atoms adsorbed on terraces can easily switch be-

FIG. 5. Modification of the surface energy due to the adsorbates. The first
four panels~a!–~d! show relative energy levels for a clean 132 surface and
different CO covered 132 and 131 states. Small double black-white circles
denote CO molecules.~a! The central Pt atom~0! on a clean 132 surface
has the energyE0 . ~b! A CO molecule attached atop this atom decreases its
energy by addingEPt–CO,0. ~c! Further adsorption of CO on the lower
atomic layer@sites ~1!–~4!# destabilizes the central atom (4ENN

Pt–CO.0 is
added!. CO molecules adsorbed on the NN sites 5 and 6 interact with CO
attached atop the central atom (ECO–CO.0 is added!. ~d! A CO saturated
131 surface is more stable than the states shown in panels~a! and~c!, since
there is no CO adsorption on sites 1–4.~e! Oxygen atoms adsorbed on fcc
and ~100! sites modify the energy by addingE110

Pt–O,0 andE100
Pt–O,0 ~the

respective energy of the central Pt atom~0! is presented!; O atoms are
shown by small black circles.

FIG. 6. Modification of the activation barriers due to CO and O2 adsorption.
~a! Schematic increase of the transition state energy.~b! The vertically/
horizontally hopping Pt atom may interact with two CO molecules marked
by I and II. ~c! The LF hopping can be inhibited by three CO molecules
attached to adjacent sites marked by I, II, and III.~d! The diagonal jump can
be inhibited by a one CO molecule~marked by I!. ~e! Jumps of a step atom
are restricted by repulsive interactions with O atoms attached to the fourfold
positions. O atoms are shown by small black circles.
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tween fcc and hcp sites. Oxygen atoms are relatively small
and, therefore, the O binding at fcc positions will not restrict
horizontal displacement of terrace Pt atoms.

The rate of a single atomic step~hopping! on a clean
surface is expressed in the Arrhenius form,

r i5nh exp~2DEi /kBT!, ~12!

whereDEi5Ei
a2E0 is the activation barrier ofith hopping

and i 5 ‘ ‘vert, ’ ’ ‘‘hor,’’ ‘‘diag,’’ ‘‘LF-up’’ or ‘‘LF-down.’’
Each hopping event on the surface occurs on the average
once in the time intervalt i51/r i . The characteristic time of
the fastest stepDt51/r max51/r (DEmin) can be identified
with a Monte Carlo step~MCS!, i.e., the number of attempts
equal to the surface lattice dimension. This allows us to
translate MC units to real time and probabilities of MC
jumps to actual reaction rates. The probability of an atomic
stepPi is defined as

Pi5r i /r max5tmin /t i5exp@2~DEi2DEmin!/kBT#. ~13!

This means that each free atom on the surface lattice moves
on the average once via theith path with the probabilityPi

during the physical time intervalDt.
We define a correction to the transition probability aris-

ing due to interactions with an adsorbate as a multiplying
factor, which is equal to 1 for the adsorbate-free configura-
tion (uCO50 or uO50) and exp(H/kBT) for the adsorbate
covered state (uCO51 or uO51) with H modeling the modi-
fication of the energy or activation barrier~H may be posi-
tive or negative depending on the interaction type!. Accord-
ing to Figs. 5~a!–5~d!, the corrections to the atomic surface
energy arising due to CO adsorption on the~0–6! sites are
taken into account in the following way:

p15~12u0!1u0 exp@EPt–CO~n!/kBT#, ~14!

p25)
i 51

4

u i exp~4ENN
Pt–CO/kBT!1(

i 51

4 S ~12u i ! )
j 51,j Þ i

4

u j D
3exp~3ENN

Pt–CO/kBT!1(
i 51

4

(
j 5 i 11

4 S ~12u i !~12u j !

3 )
k51,kÞ i ,kÞ j

4

ukD exp~2ENN
Pt–CO/kBT!

1(
i 51

4 S u i )
j 51,j Þ i

4

~12u j !D exp~ENN
Pt–CO/kBT!

1)
i 51

4

~12u i !, ~15!

p35~12u0u5u6!1u0u5u6 exp~ECO–CO/kBT!, ~16!

pCO5p1p2p3 , ~17!

whereu l5yCO(n), the indexl runs from 0 to 6 and labels
the NN atoms with the coordination numbern. These expres-
sions have been obtained for intermediate coverages@0
<uCO(n)<1#. The correction to the transition probability
due to modification of the energy of terrace and~100! step
atoms by adsorbed oxygen is expressed in the following
form:

pO5~12yO
110!1yO

110e~~4/3!E110
Pt–O

!/kBT ~18!

on terraces or

pO5~12yO
110!~12yO

100!1yO
110~12yO

100!e~~2/3!E110
Pt–O

!/kBT

1yO
100~12yO

110!e~~1/4!E100
Pt–O

!/kBT

1yO
110yO

100e~~2/3!E110
Pt–O

1~1/4!E100
Pt–O

!/kBT ~19!

on ~100! steps.
Similarly, one can derive the corrections to activation

barriers on CO and O covered surfaces, respectively. The
following CO modifications have been included for vertical
or horizontaldisplacement:

bCO5u Iu II exp~2ePt–CO/kBT!1@u I~12u II !1~12u I!u II#

3exp~ePt–CO/kBT!1~12u I!~12u II !, ~20!

diagonaldisplacement:

bCO5~12u I!1u I exp~ePt–CO/kBT!, ~21!

and verticaljump up/downto the layer above/below~LF!:

bCO5)
i 51

III

u i exp~3ePt–CO/kBT!

1(
i 51

III F ~12u i ! )
j 51,j Þ i

III

u j Gexp~2ePt–CO/kBT!

1(
i 51

III Fu i )
j 51,j Þ i

III

~12u j !Gexp~ePt–CO/kBT!

1)
i 51

III

~12u i !, ~22!

whereu l5yCO(n) and the sites are numbered (l 5I, II, or
III ! according to Fig. 6~b!. For thehopping of the (100) step
atom on an O covered surface configuration the correction
reads

bO5~12yO
100!1yO

100exp~e i
Pt–O/kBT!, ~23!

wherei 5vert, diag, and LF-down.
The final form of the transition probability reads

Pi5expS 2
DEi2DEmin

kBT D ~pCOpO!~bCObO!21. ~24!

It should be noted that in limiting cases the transition prob-
ability has a conventional form: foruCO, uO

110, uO
10050, the

value of Pi is defined by Eq.~13!. In the case of full CO
saturation~i.e., the unstable CO covered 132 state!, Pi in-
cludes the activation barrierDEi5Ei

a2E defined by Eqs.~8!
and~10! in Eq. ~13!, whereas on the O saturated surface the
transition probability is calculated by using Eqs.~9! and~11!
in Eq. ~13!.

The values of KMC model parameters used in the simu-
lations are summarized in Table IV. Details on computation
of atomic jumps and the model algorithm are presented in
the Appendix.
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V. NUMERICAL RESULTS

In Ref. 19, the following macroscopic impingement
rates for oxygen and CO adsorption on Pt~110! are
provided: kO2

ad55.8583105 mbar21 s21 and kCO
ad 53.135

3105 mbar21 s21. For isolated single atomic configurations,
however, the values ofkCO

ad and kO2

ad as well as the sticking

coefficients may differ and exact estimation of these param-
eters on roughened surface is hardly possible. Oscillations
and faceting occur in the system under the study only in a
narrow region of thepCO, pO2

-parametric plane.19,20 In prin-
ciple, this region can be reproduced by our model, but nu-
merous long run computations are required in order to adjust
appropriate values ofkCO

ad and kO2

ad . Therefore, we choose

values of productsa5kO2

adpO2
and b5kCO

ad pCO to obtain a

dynamical behavior qualitatively similar to that found in the
experiment. Performing a number of simulations in the ex-
tended range ofa and b one can obtain the conditions for
existence of oscillations and faceting and then the appropri-
ate values ofkO2

ad andkCO
ad can be found by simple rescaling.

Exact reproduction of the oscillation diagram inpCO, pO2

plane, however, is out of our interest in the present work.
In Fig. 7 we plot the CO2 production rate versuskCO

ad pCO

at fixedkO2

adpO2
. Figure 7 shows three different regimes cor-

responding to those in the experimental Fig. 1~a!. The simu-
lations have been carried out for 480 K and 520 K yielding
similar results in both cases. The reaction-induced surface
structures obtained under varying conditions are illustrated in
Fig. 8 by simulations corresponding to regions I, II, and III
in Fig. 7.

At low pCO ~region I in Fig. 7!, a 132 structure charac-
terized by small domain sizes and structural defects was ob-
tained@as shown in Fig. 8~Ia!#. This surface state is associ-
ated with a high O coverage. An increase ofpCO but still
within region I causes a strong roughening associated with
the development~100! and ~111! microfacets as shown in
Fig. 8~Ib!. As pCO enters the region II in Fig. 7, kinetic
instabilities and transient oscillations evolve. The CO2 pro-

duction rate fluctuates within the shaded area of the region II
in Fig. 7.

As a consequence of the CO coverage oscillations the
SPT occurs quite frequently intensifying the mass transport
of Pt atoms on the surface. A strongly faceted surface is
generated, as displayed in Fig. 8~II !; this state is stable under
reaction conditions~but it is metastable without reaction!.
The oscillations vanish, but the rate still gradually increases
until it reaches the high-rate branch where it becomes sta-
tionary. The transient oscillations of the adsorbate coverages
and of r CO2

during faceting are reproduced in Fig. 9. The
overall growth ofr CO2

can be attributed to the formation of
additional ~100! steps during faceting. The~100! steps are
characterized by a high oxygen sticking coefficient, thus,
leading to an increase in catalytic activity under conditions
where oxygen adsorption is rate limiting.

Finally, if pCO is very high~region III in Fig. 7!, a fully
CO covered 131 structure shown in Fig. 8~III ! inhibits the
adsorption of O2 and, thus, the surface reaction. No faceting
can develop due to the absence of a catalytic reaction.

A regular faceted surface structure is obtained if the
computations are carried out on a large lattice (231502 at-

FIG. 7. Simulated diagrams of CO2 production rate,r CO2
5kruCO(uO

110

1uO
100), vs pCOkCO

ad at different values ofT andpO2
kO2

ad . The O covered 132

roughened surface is obtained in region I. An increase ofpCO causes kinetic
instabilities and transient oscillations. The dashed curve inside the shaded
area represents the averager CO2

on an unfaceted surface. Atomic transport
caused by kinetic instabilities leads to a strongly faceted surface state~re-
gion II! characterized by a highr CO2

. Continuous oscillations occur within a
narrow region of higherpCO, near the boundary of stability of the faceted
state. At highpCO ~region III!, the 131 state is established.

TABLE IV. KMC model parameters~hopping frequency factornh

51010.7s21).

Parameter Value~eV! Notes and References

Ev 20.225 12
Eh 0.05
EPt–CO(n) 21.4 5<n<9, 19
E110

Pt–O 23.5 37, 38
E100

Pt–O 24.0 36
ENN

Pt–CO 0.07 Fit
ECO–CO 0.03 Fit
Evert

a 5Ehor
a 5

ELF-up/down
a

0.91 Fit to Refs.:
11, 22, 23, 25, 26

Ediag
a 0.92

ePt–CO 0.07 Fit
evert

Pt–O 0.25 Fit
ediag

Pt–O 0.02 Fit
eLF-down

Pt–O 0.02 Fit
DEmin 0.81 22, monomers

in 132 channels
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oms!. Figure 10 shows how the surface transforms if condi-
tions corresponding to region II are chosen. Profile cuts in
the@11̄0# direction taken at different time moments show the
development of a periodic hill and valley structure. Att
'3000 s, the average inclination angle of the hills corre-
sponds roughly to facets of~430! and~320! orientation. The
atomistic structure of the faceted surface att53000 dis-
played in Fig. 11 shows that the slopes consist of~100! steps
and ~110! terrace units.

With progressing time the slopes of the facets become
steeper and the structure becomes more regular. An almost
perfect periodic structure is obtained att'4000 s. Longer
exposure to reaction conditions hardly affects the periodicity
and the inclination angle of the hills. The atomic structure of
this strongly faceted surface is shown in Fig. 11~b! display-

ing a fragment of the model surface att59000 s. The slope
exhibit multiple height~100! steps including small patches of
~210! microfacets. The periodicity of 50–60 lattice units in
the @11̄0# direction obtained in the simulations corresponds
to ;140–170 Å, which compares well with the experimental
value.

A high-temperature simulation without adsorbates shows
that the faceted surface smooths out rapidly atT5700 K.
The profile cuts demonstrating this behavior are shown in
Fig. 12. As an average characteristic of roughening and face-
ting, one can use the variance of atomic layers measuring the

FIG. 8. Pt~110! surfaces simulated at differentpCO and fixedpO2
corre-

sponding to the regimes shown in Fig. 7.~Ia! The 132 surface obtained at
low pCO. ~Ib! An island structure with~100! and ~111! microfacets estab-
lished due to an increase ofpCO in the region I.~II ! A strongly faceted
surface obtained atpCO values corresponding to the region II in Fig. 7.~III !
A flat 131 state obtained at highpCO ~region III in Fig. 7!. The simulations
have been carried out on a lattice of 23502 atoms.

FIG. 9. Transient oscillations obtained in the simulations with the values of
parameters taken from Region II in Fig. 7 and atT5520 K. The left column
~a! shows initial oscillations (t<500 s) of the absolute and relative adsor-
bate coverages as well as the CO2 production rate. The right column~b!
presents relaxation to a strongly faceted O-covered state in a long run.

FIG. 10. ~a! A simulated surface of 231502 atoms showing facets which are
formed by~100! steps.~b! Changes in the surface profile during the devel-
opment of faceting. The surface sections at different time moments were
taken in the@11̄0# direction as shown by the line in~a!. The periodicity of
50–60 lattice units in the@11̄0# direction corresponds to;140–170 Å.

FIG. 11. Fragments of the simulated surfaces (231502 atoms! captured at
t53000 s andt59000 s. The surfaces show different angles of inclination.
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height dispersion of top Pt atoms. Figure 13~a! shows the
variance increasing due to atomic transport caused by the
kinetic instabilities. The faceted state is characterized by a
higher variance of top atom layers. A rapid decrease of face-
ting under heating is illustrated by the variance reduction in
Fig. 13~b!.

In contrast to a simple model10 mentioned in Sec. I, our
KMC model cannot reproduce complete restoration of a flat
surface after removing the adsorbates at lowT if extended
patches of a perfect~100! surface~of several atomic layers in
height! form. Our algorithm permits atomic jumps only on
the ~110! surface, i.e., a new atomic position can be accepted
only if four corner atoms exist on the layer below. A fourfold
position of adatom on a perfect~100! slope is considered as
an overhang with respect to the~110! section. Such perfect
~100! slopes, however, may appear only on the final stages of
the simulation, after the faceted structure forms. Therefore,
this cannot introduce artificial effects during the develop-
ment of faceting. If the adsorbates are removed until ex-
tended patches of a perfect~100! surface appear, the relax-
ation to a flat surface at lowT occurs slowly. At highT,
however, a flat surface is restored rapidly after the adsorbates
are removed, as shown in Figs. 12 and 13~b!.

VI. DISCUSSION

Of all surface reactions with interesting nonlinear prop-
erties catalytic CO oxidation on a Pt~110! surface is clearly
the most thoroughly studied system and by far the system
with the richest variety of phenomena: rate oscillations,
reaction-induced roughening/faceting, different types of
chemical wave patterns including standing waves, ‘‘soliton-
like’’ traveling wave fragments, chemical turbulence, and
complex wave patterns associated with reversible
roughening/faceting of the surface have all been found on

Pt~110!.41,44,45 Recent studies suggested that in addition to
chemisorbed oxygen and CO an additional species, so-called
subsurface oxygen might be present under certain conditions
and might be responsible for some of the phenomena such as
the standing wave patterns.46 Most of the chemical wave
patterns with the exception of those including reversible
roughening/faceting have been satisfactorily explained with
reaction-diffusion equations.

The present simulation extends the range of modeling
the Pt~110! system down to nanoscale dimensions. Nearly all
essential experimental observations on reaction-induced
roughening/faceting have been reproduced by these simula-
tions with the correct time and length scale.

~i! The different regimes of reaction-induced
roughening/faceting inpCO-parameter space.

~ii ! The development of facets of the@001# zone during
reaction associated with an increase in catalytic activity due
to the formation of reactive~100! steps.

~iii ! The formation of a periodic hill and valley structure
on the faceted surface stabilized by the ongoing reaction.

The severe structural modifications we observe during
the reaction are the result of the coupling of a kinetic insta-
bility with the mass transport of Pt atoms given in this spe-
cific system by the 132
131 surface phase transition. The
strong dynamics which are generated in this way may lead to
a complete restructuring of the surface creating very open
and reactive substrate configurations which decay in the ab-
sence of the stabilizing reaction. The catalyst itself thus rep-
resents a dissipative structure shaped by the reaction. A criti-
cal point is certainly whether the roughening/faceting is
coupled with the formation of subsurface oxygen or an ox-
idelike species.47 This point needs to be clarified in future
experiments because such a connection would provide an
additional thermodynamic stabilization of the facets. Experi-
mentally, even an oxide species would be found, it would be
rather difficult to decide whether such a species is a byprod-
uct of roughening/faceting or the actual driving force.

Clearly with a simplified model used here not all details
seen experimentally can be reproduced. For example, only
single atomic~100! steps were seen on the faceted surface in
experiment, whereas our simulations allow the generation of
multiple height~100! steps. Furthermore, the increase in the
oscillation period which accompanies the development of
faceting was not found in the simulations. The complex in-
terplay between roughening/faceting and chemical wave pat-
terns which occurs in the channel-like structures observed
with LEEM could not be reproduced for principle reasons
because we used an ODE system to describe the adsorbate
coverages.45 In future simulations this aspect could be taken
into account by transforming the ODE system into a system
of partial differential equations. The more general problem
which has to be solved for such simulations is that of the
proper combination of vastly different time and length
scales.

VII. CONCLUSIONS

We have developed a nanoscale model of faceting in the
CO1O2 /Pt(110) system taking into account realistic values

FIG. 12. Simulation of restoration of the flat surface atT5700 K and in the
absence of adsorbates (pCO, pO2

, uCO, and uO are equal to zero!. The
simulation started from the periodic structure obtained att55000 s.

FIG. 13. The variance of atomic layers as a measure of height dispersion of
the top Pt atoms.~a! The variance increases due to atomic transport caused
by the kinetic instabilities. The faceted state is characterized by a high
variance of top atom layers.~b! Simulation of the thermal reordering process
for a faceted surface atT5700 K, pCO50, pO2

50, uCO50, anduO50. A
flat surface is restored during the heating.
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of activation barriers for single atomic jumps on Pt~110!. The
Pt–Pt, Pt–CO, and Pt–O interactions have been extracted
from recent experimental data and DFT calculations. Our
simulations show that the SPT modeled by the KMC method
coupled with an ongoing CO1O2 reaction modeled in the
mean-field approximation leads to the development of a
regular facet pattern, similar to that detected experimentally.
This facet pattern forms a periodic hill and valley structure
with a lateral periodicity of;140–170 Å, which is compa-
rable with the experimentally detected value. The simula-
tions reproduce the region inpCO parameter space where
faceting occurs. The development of single~100! microfacets
is associated with an increase in catalytic activity, since the
~100! microfacets are characterized by a high oxygen stick-
ing coefficient. In our simulations, the faceting process
evolves on a realistic time and length scale.
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APPENDIX: COMPUTATION ALGORITHM

In this appendix, the computation procedure for one
MCS is presented. Only atoms occupying free top positions
~i.e., not covered by any neighboring atom in the higher
layer! are allowed to move. The KMC algorithm shifts the
atoms between lattice nodes according to the following rules:

~1! A random free atom is selected on the lattice.
~2! For the chosen free atom, possible jump positions

are determined. Any atom can jump only to a free adjacent
position in the same layer, in the layer above or below, as
shown in Fig. 4~c!. Each of 16 possible positions~eight po-
sitions in the same layer, four positions in the layer above,
and four positions in the layer below! has to be checked. An
accepted atomic position should be propped up by four cor-
ner atoms of the lower layer. Periodic boundary conditions
are applied at the lattice boundaries.

~3! The coordination numbersn of the chosen atom, NN
atoms, and sites adjacent to eachith path are determined. The
site type is determined in the following way: if the atom has
only one of the two@11̄0# NN atoms, it is a~100! step site;
if there are two@11̄0# NN atoms, it is a~110! terrace site.
The energy of the current positionE0 and the activation bar-
riers for each possible jumpDEi

0 are evaluated. Corrections
to the surface energy and activation barriers are calculated by
Eqs.~14!–~23!, where CO and O coverages on different sites
are taken from the previous time step. The set of transition
probabilitiesP for all possible jumps is computed according
to Eq. ~24!.

~4! A random numberR uniformly distributed between
zero and unity is drawn, and a new position is chosen ran-
domly among the available vacant sites withPi.R. If Pi

,R for eachith path, no jump is executed and the calcula-
tion returns to step 1.

~5! After a new position is selected, the atom is removed
from the old position, i.e., the layer tag of the respective site
is reduced by two; the layer tag of the new site is increased

by two as shown in Fig. 14, and the computation returns to
step 1.

This procedure is repeated 2N2 times. Following this,
time is incremented byDt. The numerical data are collected:
xCO, xO

110, and xO
100, fractions of the surface phasesu131

andu132 . New CO and O coveragesuCO, uO
110, anduO

100 for
the next time step are calculated according to Eqs.~1!–~3!
with updatedyCO, yO

110, andyO
100. Integration of the ODEs is

carried out by means of the Runge-Kutta method.
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